There is currently a high level of interest in signalling through the mammalian target of rapamycin (mTOR). This reflects both its key role in many cell functions and its involvement in disease states such as cancers. The best understood targets for mTOR signalling are proteins involved in controlling the translational machinery, including the ribosomal protein S6 kinases and proteins that regulate the initiation and elongation phases of translation. Indeed, there is compelling evidence that at least one of these targets of mTOR (eukaryotic initiation factor eIF4E) plays a key role in tumorigenesis. It is regulated through the mTOR-dependent phosphorylation of inhibitory proteins such as eIF4E-binding protein 1. Thus, targeting mTOR signalling may be an effective anticancer strategy, in at least a significant subset of tumours. Not all effects of mTOR are sensitive to the classical anti-mTOR drug rapamycin, and this compound also interferes with other processes besides eIF4E function. Developing new approaches to targeting mTOR for cancer therapy requires more detailed knowledge of signalling downstream of mTOR. Such advances are likely to come from further work to understand the regulation of mTOR targets such as components of the translational apparatus. Oncogene (2006 Oncogene ( ) 25, 6423-6435. doi:10.1038 Keywords: apoptosis; mRNA translation; protein kinase; initiation; elongation; rapamycin The signalling pathway involving the mammalian target of rapamycin (mTOR) is now the centre of substantial attention due to its key roles in regulating cell function and its links with human diseases, including certain types of cancer. The best-understood roles of mTOR in mammalian cells are related to the control of mRNA translation. The purpose of this article is, firstly, to review current knowledge about signalling downstream of mTOR to the translational machinery and, secondly, to described the links between mTOR signalling and the control of the eukaryotic translation initiation factor eIF4E. eIF4E plays important roles in mRNA translation and probably in mRNA metabolism, and is strongly implicated in diverse human cancers. Rapamycin, which inhibits certain mTOR functions, inhibits the proliferation of certain tumour cells and can cooperate with other agents to induce apoptosis. We will also highlight related areas that are poorly understood and require further study.
Control of mTOR
As described in detail in the article by (Wullschleger et al., 2006) , mTOR is a multidomain protein that forms complexes with other proteins (Figure 1a and b). Some of these partners appear to regulate the activity of mTOR (e.g., the small G-protein Rheb) while others, such as raptor and rictor, are involved in mediating downstream signalling. The interactions of raptor and rictor with mTOR seem to be mutually exclusive. The complexes in which they participate are termed mTORcomplex 1 (mTORC1) and mTORC2, respectively (Sarbassov et al., 2005) (Figure 1b) . Raptor binds to short (five residue) motifs in certain targets of mTOR signalling whose control is sensitive to rapamycin, such as the ribosomal protein S6 (p70) kinases and eIF4E-binding proteins (4E-BPs). These motifs are termed TOR-signalling or TOS motifs (Schalm and Blenis, 2002) . mTORC1 mediates effects of mTOR that show the 'classical' signature of rapamycin-sensitivity, while the known effects of mTORC2 are insensitive to this drug. Thus, by no means all of the biological functions of effects of mTOR are blocked by rapamycin.
The basis of the rapamycin-sensitivity of mTORC1-mediated effects is unclear -rapamycin does not, for example, affect the overall integrity of mTORC1, although it may alter the stability of the interactions between some of the partner proteins (Jacinto et al., 2004; Sarbassov et al., 2006) . The latter paper also showed that long-term treatment of certain types of cells results in the loss of mTORC2 complexes, in addition to the short-term inhibitory effects of rapamycin on mTORC1. It is suggested that this effect on mTORC2 reflects the ability of the rapamycin-FKBP12 complex to prevent the binding of rictor to newly-synthesized mTOR. It is also unclear why short-term control by mTORC2 of protein kinase B (PKB, also termed Akt) and the cytoskeleton are insensitive to rapamycin. More work is required, for example, to understand how rapamycin interferes with mTORC1 signalling and how the mTORC2 complex functions to regulate its targets. By analogy with mTORC1 and raptor, rictor may also bind specific features of its targets, but so far there is no information on this. Furthermore, there is at least one effect of mTOR that is not sensitive to rapamycin, but appears not to be mediated by mTORC2, that is, the phosphorylation of certain regulatory sites in 4E-BP1/2 (Wang et al., 2005) . This hints at the existence of further complexity in signalling downstream of mTOR.
The upstream control of mTOR is described elsewhere in this issue of Oncogene. mTOR (or at least mTORC1) is regulated by signalling pathways linked to several oncoproteins or tumour suppressors including phosphatidyl inositol (PI) 3-kinase, the lipid phosphatase PTEN, the protein kinase LKB1, Ras and Raf. These effects involve signalling through PKB, the AMPactivated protein kinase (AMPK) or the 'classical' MAP kinase ERK (Guertin and Sabatini, 2005; Ma et al., 2005) (see article by Corradetti and Guan, in this volume). mTOR signalling is activated in cells with loss-of-function mutations in, for example, TSC1/2 or PTEN. As assessed by the phosphorylation of 4E-BP1, it is also hyperactivated in Src-transformed cells (Tuhackova et al., 1999) . Several aspects of the links between mTOR signalling and cancer have recently been reviewed (Guertin and Sabatini, 2005; Wullschleger et al., 2006) . mTOR provides a link between the availability of amino acids and the the regulation of translation. The function of mTORC1 requires a supply of amino acids, with the essential branched-chain amino acid leucine being most effective (Kimball and Jefferson, 2006) . It is not yet clear how leucine activates mTOR, but it does so by acting within the cell, and can do so by mechanisms that are independent of the TSC1/2 complex that mediates the effects of anabolic and mitogenic signals (Byfield et al., 2005; Nobukuni et al., 2005; Smith et al., 2005) . Recent evidence suggests a role for the PI 3-kinase-related kinase vps34 in the control of mTOR by amino acids (Byfield et al., 2005; Nobukuni et al., 2005) . vps34 functions in the regulation of macroautophagy, a process that is negatively controlled by mTOR (Klionsky and Emr, 2000) . Since autophagy likely supplies intracellular amino acids to maintain mTOR signalling, there is some logic in connecting these processes, although the mechanisms by which vps34 may link to mTOR signalling and to the control of autophagy remain to be established. The role of the TSC1/2 complex in controlling mTOR is described in detail elsewhere in this volume by Corradetti and Guan.
To understand how inhibition of mTOR by rapamycin may exert antiproliferative effects, it is crucial to consider the target proteins and processes that are known to be controlled through mTOR in a rapamycinsensitive manner. There is now substantial evidence that dysregulation of the translational machinery can contribute to cell transformation (for a reviews see, e.g., Bjornsti and Houghton, 2004; Clemens, 2004; Mamane et al., 2004; Guertin and Sabatini, 2005) .
Signalling downstream of mTOR
The S6 kinases Ribosomal protein S6 has been known for more than 30 years to be a phosphoprotein (Gressner and Wool, 1974) : at least five sites of phosphorylation exist in its C-terminus. In the following years, two classes of protein kinases were identified as being able to phosphorylate S6 in vitro, the 70 and 90 kDa S6 kinases, which are now known as the p70 S6 kinases (S6Ks) and the p90 ribosomal protein S6 kinases, or RSKs (Avruch et al., 2001; Roux and Blenis, 2004) . The subsequent discovery that the phosphorylation of S6 is sensitive to, and in many cases completely blocked by, rapamycin pointed to the former enzymes as the main physiological S6 kinases, as their activation is mediated by mTOR (Avruch et al., 2001) . The RSKs, in contrast, are not affected by rapamycin as they are activated via the classical MAP kinase (ERK) pathway (Roux and Blenis, 2004) . Recent data from S6 kinase knockout mice have revealed an input from ERK signalling to S6 phosphorylation, at least in response to certain stimuli (Pende et al., 2004) . Thus, RSKs or other kinases downstream of ERK may contribute to S6 phosphorylation under specific conditions. Two p70S6 kinase genes exist in mouse and man (S6K1 and S6K2), each of which can give rise to two distinct proteins due to alternative splicing of the mRNAs (Avruch et al., 2001 ; Figure 2a) The mTOR signalling J Averous and CG Proud version of each contains, in its N-terminal region (which is not present in the shorter version), a potential nuclearlocalization signal. S6K2 also possesses a functional nuclear localization signal in the C-terminus (Koh et al., 1999) .
The S6 kinases are activated by phosphorylation at multiple sites (Figure 2 ). Several lie within the C-terminus, while two others lie immediately C-terminal to the catalytic domain. One of these, Thr389 in the shorter form of S6K1, is directly phosphorylated by mTOR as part of the mTORC1 complex (Alessi et al., 1998; Pullen et al., 1998) . Phosphorylation here is required for the phosphorylation of S6K1 by PDK1 (phosphoinositide-dependent kinase 1) at a threonine in the activation loop of the catalytic domain, Thr229. Phosphorylation at Thr229 allows complete activation of S6K1 (Avruch et al., 2001) . S6K2 is likely regulated in a similar manner. The N-termini of S6K1 and 2 each contain a TOS motif that interacts with the mTOR partner, raptor, to facilitate phosphorylation of S6Ks by mTORC1 (Schalm and Blenis, 2002) . The phosphorylation of the sites in the C-terminal phosphoregulatory region is believed to allow access to the sites (Thr389/ Ser229) whose phosphorylation leads to full activation (Avruch et al., 2001) . It is not clear how the phosphorylation of the C-terminal sites is brought about or which kinase catalyses this: mTORC1 primarily phosphorylates Thr389, which as discussed is controlled by the C-terminal phosphorylation sites, which are sensitive to rapamycin. This implies that mTOR also, probably indirectly, brings about the phosphorylation of the C-terminal sites. A motif RSPRR present in this region appears to plays a crucial role in the inhibitory effect of the C-terminal region. It is proposed that a negative regulator of S6K1 binds to this motif and that mTOR is able to disrupt its binding (Schalm et al., 2005) . The C-terminal region of S6K1 also governs whether S6K1 can be phosphorylated by mTORC2. A deletion mutant lacking this region is a substrate for mTORC2 .
The physiological role of S6 phosphorylation is still quite unclear. Recent studies used 'knock-in' mice in which all five of the serines that are phosphorylated by the S6 kinases were mutated to alanine. This work indicated a role for S6 phosphorylation in cell growth (Ruvinsky et al., 2005) . Despite this decrease in cell size, the knock-in cells actually showed faster rates of protein synthesis. This could reflect increased access of the S6 kinases to other substrates involved in translation, such as eIF4B and eEF2 kinase (Figure 2) . The phosphorylation of these proteins by S6K1 is likely to lead to more efficient initiation or elongation, respectively (Wang et al., 2001; Raught et al., 2004 ). An earlier idea that the role of the S6 kinases, and probably S6 phosphorylation, was to control the translation of the mRNAs for ribosomal proteins (so-called 5 0 -TOP mRNAs) was not substantiated by later data from the S6K knockout mice or from the animals in which the phosphorylation sites in S6 were converted to alanines (Pende et al., 2004; Ruvinsky et al., 2005) .
In many investigations that focused on the role of mTOR in transformation, the levels of phosphorylation of S6K1 and S6 have been studied as a read-out for mTOR activity. This reflects the fact that phosphorylation of S6K and S6 is very sensitive to rapamycin treatment. The antiproliferative/apoptotic effects of rapamycin were often attributed to its effect on S6K and the presumed role of S6K in controlling the translational machinery, although there is little evidence that S6 phosphorylation/the S6Ks play a major role in promoting protein synthesis. However, it is clear that S6K activity is enhanced in several cancer cell lines or tumours. In numerous cases, this is due to the increase of mTOR activity that occurs when the tumour suppressors LKB1, PTEN or TSC are mutated with loss of function. It has also been observed that the level of S6K1 could be also increased. It is established that the amplification of chromosomal locus 17q23, which contains the S6K1 gene, is a feature of numerous cancers such as meningioma (Surace et al., 2004) or breast cancer (Barlund et al., 2000) . This suggests that S6K1 may participate in carcinogenesis independently of other targets of mTOR, but this idea requires further investigation.
Few studies have addressed the role of S6K in the processes leading to carcinogenesis. Single and double knockout (S6K1
À/À and S6K1 À/À S6K2 À/À ) mice have been generated. The major observations are that the S6K1 À/À animals exhibit a smaller size and reduced growth and the S6K1
, which exhibit a pronounced perinatal lethality (Pende et al., 2004) . However, there are no data concerning tumorigenesis in such cells or animals. Addressing the role of S6Ks in transformation presents a number of technical difficulties. For example, (i) there is no specific inhibitor of S6K activity; (ii) the elimination of S6K1 could potentially be rescued by S6K2; and (iii) the elimination of both S6K1 and S6K2 may profoundly alter the physiology of the cell. The overexpression of a rapamycin-resistant form of S6K1 increased cell size (Fingar et al., 2002) and the proportion of cells in S phase in the presence of serum (Fingar et al., 2004) . Conversely, depletion of S6K1 by RNAi decreases the percentage of cell in S phase The mTOR signalling J Averous and CG Proud (Fingar et al., 2004) . This effect on cell cycle could be the consequence of a direct regulation of the activity of one or more cell cycle regulators. This effect could also be an indirect consequence of the regulation of cell growth by S6K1 via mechanisms that are so far obscure. More recently, it has been demonstrated that the overexpression of a rapamycin-resistant S6K1 mutant in ovarian cancer cell line increased the expression of metalloproteinase 9, which favours the invasiveness of the cells (Zhou and Wong, 2006) . S6K1 has recently been shown to phosphorylate eIF4B (Raught et al., 2004) and facilitate its recruitment into initiation complexes (Holz et al., 2005) , and this could play an important role in the regulation of the translation by mTOR.
S6K1 has also been shown to be responsible for a negative feedback control of IRS1 and 2. This point should be taken carefully into consideration. For example, in S6K1 À/À mice, it appears that insulinsensitivity is increased and this apparently decreases the onset of obesity and diabetes with age (Pende et al., 2000) . So it appears that in cancer cells where S6K1 is specifically inhibited, IRS 1 and 2 could be sensitized to insulin (and other stimuli) or even constitutively activated. This effect on the PI3K/PKB axis could actually improve the survival of cancer cell lines by inhibiting apoptotic pathway components such as FOXO. Thus, inhibiting S6K could actually promote antiapoptotic signalling. Finally, the evidence that S6K1 is a good target in cancer therapy is not so clear (for a review see Manning, 2004) . Although additional functions have been ascribed to S6K1 (see, e.g., Holz et al., 2005 ; for a review see Ruvinsky and Meyuhas, 2006) , it is not clear how they could contribute to transformation.
Regulation of eEF2 and eEF2 kinase
Eukaryotic elongation factor 2 (eEF2) mediates the translocation step of translation elongation in which the ribosome moves relative to the mRNA by one codon, and the peptidyl-tRNA shifts from the A-to the P-site (the spent tRNA moving to the exit site). eEF2 binds GTP and this nucleotide is hydrolysed during the translocation process. eEF2 undergoes phosphorylation at Thr56 within the GTP-binding domain and this modification interferes with its ability to bind the ribosome, thus inhibiting its function (Carlberg et al., 1990; Browne and Proud, 2002) .
The kinase acting on eEF2 is eEF2 kinase, a calcium/ calmodulin-dependent enzyme that has a very unusual catalytic domain, unrelated in sequence to almost all other protein kinases (Ryazanov et al., 1997) (Figure 3 ). Insulin and other agents that activate protein synthesis cause the rapid dephosphorylation of eEF2. The effect of insulin is accompanied by accelerated rates of elongation, and by decreased activity of eEF2 kinase: all three effects are blocked by rapamycin (Redpath et al., 1996) . mTOR thus negatively regulates eEF2 kinase and thereby activates eEF2. eEF2 kinase is a phosphoprotein. At least three phosphorylation sites are regulated by mTOR, as judged by their sensitivities to rapamycin and/or amino-acid starvation (which lead to their dephosphorylation) (Browne and Proud, 2002; Browne and Proud, 2004 ; Figure 3 ). However, eEF2 kinase does not possess a TOS motif, does not bind to raptor, and is not a direct substrate for phosphorylation by mTOR in vitro (Smith and Proud, unpublished) . Ser366 (in human eEF2 kinase) is phosphorylated by S6K1 (and by RSKs), and phosphorylation here causes the inactivation of eEF2 kinase at low calcium concentrations (i.e., lowers its sensitivity to activation by Ca 2 þ ) (Wang et al., 2001) . Phosphorylation at Ser359 also inactivates eEF2 kinase (Knebel et al., 2001) , but the kinase acting here has yet to be identified. Phosphorylation at the third site, Ser78, also causes inactivation of eEF2 kinase, in this case by inhibiting the binding of CaM, which binds immediately C-terminal to Ser78 (Browne and Proud, 2004) . The mTOR-controlled kinase acting at this site is also unknown.
There are data indicating that eEF2 kinase activity is elevated in certain cancer cells (e.g., breast cancer; Parmer et al., 1999) and that its activity is enhanced in proliferating cells (Bagaglio et al., 1993; Bagaglio and Hait, 1994; Cheng et al., 1995; Parmer et al., 1997 ). This appears surprising since eEF2 kinase is a negative regulator of protein synthesis, and thus presumably of cell growth/proliferation. Recent studies show that a compound that acts as a selective inhibitor of eEF2 kinase (NH125) decreases the viability of a range of cancer cell lines, and this effect is countered by artificial overexpression of eEF2 kinase consistent with the idea that eEF2 kinase plays a role in cell viability (Arora et al., 2003) . Earlier data obtained with another compound that inhibits eEF2 kinase, rottlerin, indicated loss of viability and growth, as well as changes in cell morphology (Parmer et al., 1997) . However, it is now clear that rottlerin can inhibit other kinases in addition to eEF2 kinase (Davies et al., 2000) and caution must therefore be exercised in interpreting data obtained with such reagents.
Recent data suggest a role for eEF2 kinase in the activation of autophagy (Wu et al., 2006) , which as noted above is negatively regulated by mTOR signalling. Analysis of cells, tissues or animals that lack eEF2 Figure 3 Overview of eEF2 and eEF2 kinase, including regulatory phosphorylation sites in eEF2 kinase that are linked to mTOR signaling. The (mTOR-linked) kinases that act at Ser78 and Ser359 remain to be identified.
The mTOR signalling J Averous and CG Proud kinase will be required to establish the contribution made by phosphorylation of eEF2 to the control of protein synthesis and to cell physiology. There is currently a high level of interest in autophagy based on recent data that autophagy may suppress tumour development, although the situation is not clearcut (Ng and Huang, 2005; Hait et al., 2006) .
Control of eIF4E
Eukaryotic initiation factor 4E (eIF4E) is subject to two main types of rapid regulation: phosphorylation at a site in its C-terminus (Ser209; Flynn and Proud, 1995; Joshi et al., 1995) and sequestration by small, heatstable phosphoproteins termed 4E-binding proteins, or 4E-BPs Figure 4a) . Very recent data also show that its intracellular localization is also regulated by mTOR.
The effect of phosphorylation on the function of eIF4E has been the subject of mixed reports, and its physiological role remains unclear . Recent data suggest that phosphorylation of eIF4E weakens its binding to 7-methylguanosine triphosphate and to capped RNA Slepenkov et al., 2006) . Detailed biophysical studies are The mTOR signalling J Averous and CG Proud consistent with the idea that electrostatic repulsion between the phosphoserine and negative charges on the capped RNA contribute to weakening cap-eIF4E binding (Zuberek et al., 2003 (Zuberek et al., , 2004 . One may speculate that this serves to allow additional ribosomal initiation complexes to bind the mRNA while the previous one is still engaged in scanning, or that it may permit eIF4E to be released from one mRNA in order to bind others, whose translation has been stimulated by other mechanisms . Both could contribute to the activation of mRNA translation. However, there are so far no data on the function of eIF4E phosphorylation in mRNA translation in mammalian cells.
The kinases that phosphorylate eIF4E are the Mnks (MAP kinase-interacting kinases or MAP kinase signalintegrating kinases) Ueda et al., 2004 ; Figure 4a ). There are two Mnk genes in rodents and man. In man, each gives rise to two proteins differing at their C-termini. The longer form of Mnk1 (corresponding to the only Mnk1 species identified in mice) is tightly regulated by MAP kinase signalling, through the ERK and p38 MAP kinase a/b pathways (Fukunaga and Hunter, 1997; Waskiewicz et al., 1997) (these enzymes bind its C-terminus and switch it on). In contrast, murine Mnk2 (or the longer form of the human enzyme) has high basal activity that is affected little by activation or inhibition of the ERK pathway (Scheper et al., 2001) , probably because it can bind to activated ERK, allowing Mnk2 to remain active in cells that have not been stimulated or have even been treated with compounds that block ERK activation (Parra et al., 2005) . It binds relatively less well to p38 MAP kinase a/b than Mnk1 does. Given that the ERK pathway is activated by oncoproteins such as Ras and Raf, it is possible that the Mnks and eIF4E phosphorylation play roles in cell transformation. Indeed, it has been shown that overexpression of a mutant of eIF4E in which Ser209 has been altered to alanine is much less efficient than wildtype eIF4E in transforming NIH 3T3 cells, as judged by its ability to induce the formation of foci (Topisirovic et al., 2004) . The overexpression of wild type, but not mutant, eIF4E is also accompanied by an increase in cyclin D1 levels. The fact the Mnk inhibitor CGP57380 was able to decrease cyclin D1 expression reinforced the idea that the phosphorylation of eIF4E may participate in the process of transformation.
The short forms of human Mnk1 and 2 (termed Mnk1b/2b) are partially nuclear O'Loghlen et al., 2004) : in the case of Mnk1, this is due to the absence of the nuclear export signal found in Mnk1a. The Mnks may thus have substrates that are nuclear: these would include eIF4E itself, which is partially nuclear (Strudwick and Borden, 2002 ) (see below). The N-termini of all Mnk isoforms contains a polybasic sequence that serves both to recruit the Mnks to eIF4G and to interact with importin a and allow their nuclear import (Waskiewicz et al., 1999; Parra-Palau et al., 2003) . The association of Mnks with eIF4G is important for the efficient phosphorylation of eIF4E in vivo, presumably because, by binding both kinase and substrate, eIF4G brings these proteins together in the required orientation (as well as increasing their effective local concentrations) (Pyronnet et al., 1999) .
A second mode of regulation of eIF4E is through its regulated binding to partner proteins, as described next. This involves mTOR.
Binding partners for eIF4E: roles for eIF4E in mRNA translation, transport and degradation A surface on the so-called 'dorsal' face of eIF4E plays a key role in its binding to several partner proteins, one residue, Trp73, being especially important -mutation of this residue to alanine abolishes these interactions. These partners include the translation initiation scaffold protein eIF4G, the eIF4E-binding proteins (4E-BPs) and the protein 4E-T, which was first reported as a nucleocytoplasmic shuttling protein for eIF4E (Dostie et al., 2000) . All these proteins contain similar motifs involved in their binding to eIF4E (Figure 4a ). There are two eIF4G genes in mammals, eIF4G I and eIF4G II . The eIF4GI protein is much better characterized than eIF4G II . It exists as multiple isoforms that differ at their N-termini (Bradley et al., 2002; Byrd et al., 2005) .
eIF4G binds a number of other proteins, which include the Mnks (through a region in the extreme C-terminus of eIF4G), the RNA helicase eIF4A, the multisubunit factor eIF3 (which brings to together the 40S ribosomal subunit and eIF4G and its partners) and the poly(A)-binding protein, PABP. The eIF4E/eIF4G/ eIF4A subcomplex is often referred to as eIF4F. The helicase function of eIF4A is thought to be of particular importance for the translation of mRNAs that have long and structured 5 0 -untranslated regions (5 0 -UTRs), which require 'unwinding' in order for ribosomes to be able to traverse the 5 0 -UTR and reach the start codon . Increased engagement of eIF4E with eIF4G (formation of 'eIF4F') will, according to this idea, favour the translation of such structured mRNAs. There is (limited) experimental evidence in favour of this (see, e.g., Koromilas et al., 1992) , as reviewed more fully in Mamane et al. (2004) . A number of transformation-related proteins are encoded by 'less competitive' mRNAs, including cyclin D1, c-myc and vascular endothelial-growth factor (VEGF; reviewed by Graff and Zimmer (2003) and Mamane et al. (2004) ). Their translation is expected to be increased by the 'activation' of eIF4E that results from activated mTOR signalling and the release of eIF4E from inhibition by 4E-BP1.
The activity of eIF4A is enhanced by eIF4B (an RNA-binding protein) and eIF4B is a substrate for S6K1 (Raught et al., 2004) . Its phosphorylation by S6K1 favours its binding to eIF3 (Holz et al., 2005) . Indeed, S6K1 is actually recruited to the translational machinery through an interaction with eIF3 (Holz et al., 2005) . eIF4G is subject to rapamycin-sensitive phosphorylation at several sites although the functional significance of these phosphorylations and the kinase(s) responsible for them are so far unknown (Raught et al.,
The mTOR signalling J Averous and CG Proud 2000). Nevertheless, it has recently been reported that insulin stimulates the association of eIF3 with eIF4G and that this is inhibited by rapamycin (Harris et al., 2006) . It has not so far been reported whether cells from S6K1 À/À S6K2 À/À mice show any defect in protein synthesis.
Interestingly, overexpression of other components of eIF4F is also associated with transformation. The mRNA for eIF4A is highly expressed in some tumours or tumour cells (Eberle et al., 1997; Shuda et al., 2000) . Artificial overexpression of eIF4G I in NIH3T3 cells leads to anchorage-independent cell proliferation and tumour formation in nude mice (Fukuchi-Shimogori et al., 1997) , which is consistent with a key role for eIF4F in events that lead to transformation. Thus, inhibiting mTOR signalling and thereby promoting the loss of such complexes may restrain transformation, in an analogous way to the effect of overexpressing 4E-BPs, which also prevent eIF4F complex formation (Rousseau et al., 1996a) . Consistent with this, expression of phosphorylationdefective mutants of 4E-BP1 suppressed the tumorigenicity of breast carcinoma cells and the spontaneous loss of expression of these 4E-BP1 mutants correlated with reversion of the cells to a malignant phenotype . 4E-T also contains the type of eIF4E-binding motif found in eIF4G I/II and the 4E-BPs (Dostie et al., 2000) . It was initially described as a shuttling protein for eIF4E, mediating its import into the nucleus. Recent data indicate that it also recruits eIF4E to P (processing)-bodies, which are sites for mRNA degradation (Ferraiuolo et al., 2005) . 4E-T is a phosphoprotein, although the role (if any) of phosphorylation in controlling its function or localization is unclear.
Control of the 4E-BPs by mTOR
The regulation of the 4E-BP1 is much better understood than that of 4E-BP2/3. This protein undergoes phosphorylation at seven sites, at least four of which are linked to mTOR signalling (Mothe-Satney et al., 2000a, b; Gingras et al., 2001; Wang et al., 2005) . These are threonines 37, 46 and 70, and serine 65 (numbering based on human 4E-BP1; numbers for the rodent proteins differ by À1) (Figure 4b ). Ser65 and Thr70 lie close to the eIF4E-binding site and, in many cells, their phosphorylation is stimulated by insulin (etc) in a rapamycin-sensitive manner. In some cells, such as CHO cells, they are constitutively phosphorylated (Wang et al., 2005) . In HEK 293 cells, for example, their phosphorylation is dependent upon the C-terminal TOS motif . Although there are data that suggest that phosphorylation of this site is required for release of eIF4E from 4E-BP1, the role of phosphorylation of Ser65 is still controversial (Ferguson et al., 2003) . Molecular dynamics findings (Tomoo et al., 2005) and earlier biophysical data suggest that phosphorylation of Ser65 and Thr70 is insufficient to bring about release from eIF4E. Phosphorylation of both Ser65 and Thr70 depends upon the prior phosphorylation of the N-terminal threonines, and modification of Thr46 may precede and be required for phosphorylation of Thr37 (MotheSatney et al., 2000b; Gingras et al., 2001; Herbert et al., 2002) . The phosphorylation of Thr70 and Ser65 in human 4E-BP1 depends upon a further site, Ser101 . 4E-BP1 is thus subject to a complex series of hierarchical phosphorylation events (summarized in Figure 4b) .
The phosphorylation of the N-terminal threonines in 4E-BP1 and 4E-BP2 depends upon a motif in the N-terminus of 4E-BP1, which includes the sequence ArgAla-Ile-Pro (hence 'RAIP' motif) Beugnet et al., 2003) (Figure 4b ). Their phosphorylation is not greatly affected by inactivation of the TOS motif and is rather insensitive to rapamycin (Wang et al., 2005) . This could suggest that it is mediated independently of mTOR. However, several lines of evidence suggest that their phosphorylation is mediated by mTOR: (i) it is inhibited by starvation of cells for amino acids, in common with effects mediated by mTORC1; (ii) it is activated by Rheb, a stimulator of mTOR (or least, mTORC1); (iii) it is suppressed by TSC1/2, the GTPase-activating complex for Rheb; (iv) its is sensitive to inhibitors of the kinase activity of mTOR, such as wortmannin, and (v) it is decreased in cells in which mTOR levels have been knocked down (Wang et al., 2005) . The insensitivity to rapamycin could suggest that mTORC2 mediates the phosphorylation of Thr37/46, but the other data argue against this: for example, amino acids are not known to regulate mTORC2. mTORC2 cannot phosphorylate 4E-BP1 on Thr 37/46 (Fonseca and Proud, unpublished data). Thus, it seems likely that the phosphorylation of Thr37/ 46 in 4E-BP1 is mediated by mTOR through a mechanism that is independent of both raptor (mTORC1) and rictor (mTORC2). Identifying how this works would generate important new data on mTOR signalling as well as perhaps providing a novel and specific approach to inhibiting 4E-BP1 phosphorylation and thus eIF4E function, without inhibiting with S6Ks and promoting PI 3-kinase signalling.
Whereas 4E-BP1 is mainly cytoplasmic, 4E-BP3 is also found in the nucleus (Kleijn et al., 2002) . It shares this property with its partner, eIF4E, although the biological significance of this is unclear. 4E-BP2 and 4E-BP3 both possess C-terminal TOS motifs that are identical in sequence to that in 4E-BP1. Only 4E-BP2 contains a RAIP motif, which apparently contributes to controlling 4E-BP2 phosphorylation by amino acids in a similar way to its role in controlling 4E-BP1 (Wang et al., 2005) .
eIF4E: roles in cell transformation and survival eIF4E may be described as a proto-oncogene. There is compelling evidence that it plays a role in the processes that lead to cell transformation. Its expression is
The mTOR signalling J Averous and CG Proud increased in several kinds of tumors (reviewed in Bjornsti and Houghton, 2004; De Benedetti and Graff, 2004) . Moreover, the overexpression of eIF4E can induce cellular transformation in vitro and in vivo (Lazaris- Karatzas et al., 1990; Ruggero et al., 2004; Wendel et al., 2004) . Using a murine model, eIF4E was found to recapitulate the effect of PKB overexpression in terms of tumorigenesis and drug resistance (Wendel et al., 2004) . PKB overexpression did not increase the level of eIF4E but led to activation of mTOR and hyperphosphorylation of 4E-BP1. This results in release (activation) of eIF4E and to increased formation of eIF4F complexes. While rapamycin was effective in restoring the sensitivity of PKB-expressing cells to proapoptotic stimuli, it did not do so in eIF4E-overexpressing cells. The data suggest that eIF4E may play a key role in the mechanisms by which PKB transforms cells, and can be interpreted as suggesting that the 'target' through which rapamycin acts to sensitize cells to proapoptotic stimuli is likely to be 4E-BP1/eIF4E. Thus, control of the translational machinery may be a key element of the mechanism by which PKB transforms cells.
The overexpression of eIF4E does not lead to a global increase in mRNA translation but rather to the increased expression of specific proteins such as ODC, c-myc or cyclin D1. In several cases, their mRNAs possess a long and structured 5 0 -UTRs and, as mentioned earlier, the translation of such mRNAs is thought to be highly dependent on the eIF4F complex (for reviews see Clemens, 2004; Mamane et al., 2004) . Several of these mRNAs encode proteins that are involved or implicated in tumorigenicity (see review Mamane et al., Oncogene 2004) . The c-myc mRNA, in particular, has been studied extensively. In a recent study, Ruggero et al. (2004) have shown that overexpression of eIF4E under the control of the b-actin promoter leads to tumour formation. When these mice were crossed with others expressing c-myc under the control of the immunoglobulin heavy-chain enhancer element, lymphoma formation was greatly accelerated. It appears that enhanced expression of eIF4E not only upregulates expression of c-myc but also that eIF4E cooperates with it in the process of transformation. Although c-myc is an oncogene, it can also promote apoptosis, and this effect is antagonized by eIF4E overexpression which exerts antiapoptotic effects . On the other hand, c-myc antagonizes the effect of eIF4E overexpression on cellular senescence. In addition to the reported ability of c-myc to increase the level of expression of other proteins involved in translation (reviewed in Schmidt, 2004) , it likely also cooperates with eIF4E in transformation by virtue of its ability to counter the effect of eIF4E on cellular senescence. It is also important to consider that eIF4E overexpression may play a different kind of role in cellular transformation, independently of its effect on translation.
A fraction of the total cellular eIF4E is found within the nucleus (reviewed by Strudwick and Borden, 2002) . In this compartment, it associates with the promyelocytic leukaemia protein, PML Kentsis et al., 2001) , which is also associated with Mnk2b . Nuclear eIF4E may be involved in the export of certain mRNAs to the cytoplasm (Rousseau et al., 1996b; Culjkovic et al., 2005) : overexpression of eIF4E enhances the expression of cyclin D1 not by increasing the translation of its mRNA directly, but rather by increasing the level of the cyclin D1 mRNA in the cytoplasm (Rousseau et al., 1996b) . The mechanism by which eIF4E does this is unclear, but it involves a feature in the 3 0 -UTR of the cyclin D1 mRNA (Culjkovic et al., 2005) , as well as the capbinding activity of eIF4E. Recent kinetic studies suggest that eIF4E may interact with additional regions of the mRNA, via interactions with positively charged side chains in the groove in the 3-D structure of eIF4E where the mRNA may be located (Slepenkov et al., 2006) . However, the increase in cyclin D1 expression caused by enhanced levels of eIF4E does not require the ability of eIF4E to engage in translation, as illustrated by the ability of the Trp73Ala mutant of eIF4E, which cannot bind eIF4G, to increase cyclin D1 levels (Topisirovic et al., 2002 (Topisirovic et al., , 2003 . 4E-T binds eIF4E through a similar motif to that found in eIF4G, so this residue should be needed for binding of eIF4E to 4E-T and for nuclear import of eIF4E. This prompts the question: how does eIF4E(W73A) get into the nucleus to promote export of the cyclin D1 message? It would be important also to define whether the binding of 4E-BP1 to eIF4E could interferes with eIF4E localization and so the transport of cyclin D1 mRNA, it will define a new role for mTOR signalling. Nevertheless, the existing data provoke the idea that one way in which PML exerts its tumoursuppressor function is by decreasing the binding of eIF4E to the cyclin D1 mRNA (PML diminishes the cap-binding ability of eIF4E), thereby impairing export of this mRNA, and inhibiting the G 1 /S transition of the cell cycle ).
4E-BP1 should counter the ability of eIF4E to promote cell transformation. It has been shown in cells in culture that overexpression of 4E-BP1 can reduce the tumorigenic effect of eIF4E overexpression . Moreover, the same authors have implanted mammary cancer cell MDA-MB-468 transfected with 4E-BP1 or a mutant of 4E-BP1, which constitutively binds to eIF4E, into mice. Expression of wildtype 4E-BP1 decreased tumour size and expression of the mutant had an even larger effect. Lynch et al. (2004) have also shown that the overexpression of a mutant of 4E-BP1 inhibits transformation induces by eIF4E and overexpression. However, this mutant is also able to block the transformation induces by c-myc overexpression in Rat1 cells. They observe a decrease of colony formation in soft agar assay and also of tumour size in nude mice implanted with the Rat1 cells. The authors have shown that this effect of the 4E-BP1 mutant involved a slower G1 progression and did not decrease global protein synthesis. This last result reinforced the idea that 'activation' of eIF4E does not increase the level of general protein synthesis but rather enhances the translation of specific mRNAs that encode proteins which play an important role, for example, in the cell cycle. Conversely, overexpression of 4E-BP1 enhanced the ability of rapamycin to inhibit the proliferation of PC3 (prostate cancer) cells. This effect was not apparent in cells overexpressing a mutant of 4E-BP1 that cannot bind to or inhibit eIF4E (Beugnet and Proud, unpublished data) .
4E-BPs and apoptosis
Several lines of data point to links between 4E-BP1 (and perhaps other 4E-BPs) and programmed cell death (reviewed in Proud, 2005) . For example, expression of 4E-BP1 promoted apoptosis of Ras-transformed fibroblasts (Polunovsky et al., 2000) . Treatment of cells with cell-permeant peptides that inhibit eIF4E in a similar way to the 4E-BPs leads to rapid cell death (Herbert et al., 2000) . Conversely, as noted above, expression of eIF4E exerts antiapoptotic effects (see, e.g., Polunovsky et al., 1996; Li et al., 2003 Li et al., , 2004 Wendel et al., 2004) .
DNA damage, which can cause apoptosis, has two types of effect on 4E-BP1. Firstly, prior to the onset of apoptosis (as gauged, e.g., by caspase activation), mTOR signalling is inhibited, causing increased binding of 4E-BP1 to eIF4E and inhibition of eIF4F formation Proud, 2000, 2001) , which may impair the translation of antiapoptotic mRNAs and enhance the translation of mRNAs for proapoptotic proteins such as APAF-1, a component of the apoptosome which is encoded by an mRNA that contains an internal ribosome entry segment (IRES) that allows eIF4E-independent translation (Coldwell et al., 2000) . p53 may be involved in mediating this effect, as activation of p53 leads to inhibition of mTOR signalling (Horton et al., 2002; Feng et al., 2005) and dephosphorylation and degradation of eIF4G I and 4E-BP1 (Constantinou and Clemens, 2005) . However, the data in the last paper suggest that p53 activation inhibits protein synthesis through mechanisms that are independent of rapamycinsensitive mTOR function.
Secondly, following caspase activation, 4E-BP1 is cleaved, removing the section containing the RAIP motif . 4E-BP1 therefore becomes dephosphorylated, causing it to bind to eIF4E in a manner that is 'irreversible', in the sense that it is no longer possible to bring about the phosphorylation-mediated release of 4E-BP1. This will further serve to shut down protein synthesis in an ordered manner and, perhaps, also promote the upregulation of pro-apoptotic proteins encoded by IRES-containing mRNAs.
Other targets of mTOR signalling
There are no other direct targets for mTOR signalling that can really be described as 'well-characterized' in terms of their control by mTOR. The transcription factor STAT3 has been reported to be regulated by mTOR in terms both of its phosphorylation and its activity. In one report (Yokogami et al., 2000) , rapamycin was shown to block the phosphorylation of Tyr727 in STAT3 that is induced by ciliary neurotrophic factor, and STAT3 activity. In response to interferon (IFN)-g, STAT3 undergoes dephosphorylation at another site, and this effect is also inhibited by rapamycin (Fang et al., 2006) . In this case, rapamycin actually inhibited IFNg-induced apoptosis. The links between mTOR signalling and the control of the (de)phosphorylation of STAT3 are unknown. However, since the phosphorylation and function of STAT3 are dysregulated (e.g., through constitutive tyrosine phosphorylation) in a range of human cancers (Klampfer, 2006) , inhibition of mTOR signalling may be of value in the context of such tumours.
As mentioned above, it is well-established that mTOR controls the translation of the subset of mRNAs that include those encoding ribosomal proteins and some elongation factors (Meyuhas and Hornstein, 2000) . In response to rapamycin treatment, these mRNAs shift out of polyribosomes indicating impairment of their translation (reviewed by Meyuhas and Hornstein, 2000) . This control is conferred by a sequence in their extreme 5-ends comprising a series of pyrimidines (hence 5 0 -tract of oligopyrimidines; 5 0 -TOP). However, it is not known how this motif confers control by mTOR or how mTOR modulates their translation. mTOR is also reported to regulate the transcription of rDNA genes (genes encoding ribosomal RNA (Hannan et al., 2003; Mayer et al., 2004) ), as described elsewhere in this volume. A role for mTOR in controlling the synthesis or ribosomal proteins and rRNA is clearly logical to link, for example, aminoacid availability and anabolic/mitogenic signalling to ribosome biogenesis.
Conclusions and perspectives
mTOR is one of the main regulators of cell growth and proliferation. Its functions in controlling the translational machinery are summarized in Figure 5 . mTOR is located at the cross road of several major signalling pathways (including PI 3-kinase, Erk and AMPK) and is able to integrate a large panel of stress signal such as nutrient deprivation, energy depletion and oxidative or hypoxic stress. It can thereby modulate numerous cellular functions. Inhibition of mTOR by rapamycin and its analogs appears to be an efficient way, in certain cases, to stop the growth of tumour cells and/or to promote apoptosis. The use of rapamycin as an anticancer drug is now being evaluated on patients with solid or haematological tumours.
However, it is important to consider that the effectiveness of inhibition of mTOR very likely differs substantially between different types of tumours. It appears logical that one of the main determinants of this sensitivity is the level of activity of mTOR itself. By virtue of its location in the signalling network, its activity is regulated by several tumour suppressors such as PTEN or LKB1. It has been also described that p53 can inhibit mTOR activity (Feng et al., 2005) . As a consequence of this, mTOR activity is enhanced in different kinds of cancers. One may hypothesize that the inhibition of different targets of mTOR by rapamycin will have differing levels of importance according to the type of cancer. These points raise a question: is it appropriate to inhibit all the (rapamycin-sensitive) targets of mTOR or just the one(s) which seems to play an active role in the transformation or in the maintenance of the malignant phenotype. The first option is the one currently being tested. Concerning the second possibility, it will first be necessary to identify the relevant other targets of mTOR and then to generate specific inhibitors that interfere with the target or its control by mTOR.
This notion that the inhibition of a specific target and not all the targets could be beneficial is illustrated with the example of S6K1 inhibition, which may enhance the antiapoptotic effect of the PI3 K pathway due the absence of the negative feed-back control of IRS1 by S6K1 (see review Manning). In the case of 4E-BP1, it may be envisaged that its activation may also lead to the increased translation of antiapoptotic proteins. This notion that in some case mTOR inhibition could lead to resistance to apoptosis despite a growth arrest should be studied with attention. For example, although most studies describe rapamycin as a proapoptotic agent, it has been already observed that rapamycin can increase levels of Bcl-2 and thus exert an antiapoptotic effect (Calastretti et al., 2001a, b) . It may be that the so-called mTOR inhibition elicited by a stress leads to the activation of apoptotic effectors and this activation is not reproduced by rapamycin treatment.
Among the best-known targets of mTOR, 4E-BP1 presents the most direct link with cancer by regulating the level of key proteins such as c-myc, VEGF and cyclin D1 through its control over eIF4E availability. It will be interesting to determine which other proteins exhibit similar regulation. Notably, one may suggest that HIF is one of them. HIF is a transcription factor involved in the adaptation to hypoxia. HIF is known to be downregulated by rapamycin treatment. HIF expression increases when the tumour suppressor VHL (von Hippel-Lindau), a ubiquitin ligase, is mutated (Thomas et al., 2006) . In that case, mTOR inhibition is particularly efficient in inhibiting cell proliferation. Mutating the 5 0 -UTR of the HIF mRNA abolishes the effect of inhibiting mTOR (see comments in Choo and Blenis (2006) ). Another interesting point is that, despite the fact that mTOR is described as being inhibited by hypoxia, HIF expression is actually enhanced in hypoxia. In fact, it appears that residual mTOR activity is maintained under hypoxic conditions and allows the translation of specific mRNA such as HIF (Hui et al., 2006) . In their work, Hui et al. observed a less profound effect of hypoxia on 4E-BP1 phosphorylation than on S6K1 phosphorylation. One can thus envisage the use of rapamycin treatment for tumours presenting a low level of vascularization even if the level of mTOR activity is low. It would be also interesting to study the regulation of the translation of proteins involved in the control of autophagy. It is known than mTOR regulates this process (Meijer and Codogno, 2004) and there is a growing interest in the role of autophagy in cancer (Ng and Huang, 2005) . It has been shown that the oncogene Bcl-2 maintains cell survival by inhibiting autophagy (Pattingre and Levine, 2006) .
It is important to understand more clearly the signalling events that operate downstream of mTOR. One example is the phosphorylation of 4E-BP1, notably the rapamycin-insensitive regulation which is not dependent on mTORC2. This pathway appears to be sensitive to amino acids and so could perhaps involve the class III PI3 K, but this remains to be established. The importance of this rapamycininsensitive regulation is enforced by the work of Constantinou and Clemens (2005) . Using a temperature-sensitive mutant of p53 in erythroleukaemia cells, they show that p53 activation can cause the dephosphorylation of 4E-BP1 at the rapamycin-resistant site(s). The other rapamycin-insensitive pathway that involves mTORC2 is also a new field of investigation, which will perhaps allow the development of new approaches to inhibit mTOR functions in a more specific manner.
